These authors contributed equally to this work Background: Neurophysiological and radiological studies provide accumulating evidence for the involvement of the brainstem in the pathogenesis of restless legs syndrome (RLS). The analysis of the various subregions of the brainstem may help us better understand the pathophysiological mechanisms underlying the disorder. In this study, we investigated the structural and functional changes in the various subregions of the brainstem in RLS patients. Methods: The subregional changes in gray matter density and functional connectivity in the brainstem were analyzed in 20 drug-naive idiopathic RLS patients, as well as 18 normal control (NC) subjects for comparison. Correlation analyses and multivariate pattern analyses using linear support vector machine (SVM) were conducted. Results: We found significantly increased gray matter density in two clusters in the pons (designated pons_1 and pons_2) and in one cluster in the midbrain in RLS patients compared with NC subjects. Further functional connectivity analyses revealed significantly decreased functional connectivity between the midbrain and the right middle occipital gyrus, between pons_1 and the right orbital part of the superior frontal gyrus, and between pons_2 and the right parahippocampus in RLS compared with NC. Moreover, the functional connectivity between pons_2 and the right supplementary motor area (SMA) was significantly increased in RLS compared with NC. This change in RLS was marginally correlated with RS_RLS scores in the RLS patients. SVM-based classification showed an AUC of 0.955 using gray matter density of pons_2, and functional connectivity between pons_2 and SMA as features. Conclusion: Collectively, our findings suggest that changes in gray matter density and functional connectivity in the pons may play a pathologic role in RLS. Furthermore, these abnormal changes in the pons might help to discriminate RLS from healthy subjects.
Introduction
Restless legs syndrome (RLS) is a sensorimotor disorder characterized by sensation of discomfort in the legs, usually occurring at rest prior to sleep onset or overnight, resulting in an irresistible urge to move the legs, which partially or fully relieves the discomfort by movements. 1, 2 Conventional pathophysiology of RLS is result from unbalanced dopaminergic system and genetic factors, in susceptibility to restless legs syndrome is well documented. Furthermore, brain iron deficiency and peripheral and central hypoxic pathways have also been demonstrated involved in pathophysiology of RLS. 3 Thus far, the pathophysiology of restless legs syndrome remains a complex mystery. Although brain imaging studies have been performed on RLS patients, the findings remain controversial, especially structural studies. No gross changes in brain structure have been found in these patients, and findings on microstructural changes have been inconsistent. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] The discordance may be caused by differences in patient selection, sample size and/or technical parameters. Some new strategy, like segment brain structures in pain research, could enlighten us in RLS research.
Neuroimaging studies of pain 16, 17 have relied on segmentation of brain structures. These studies demonstrate that it is feasible and beneficial to perform an accurate segmentation of brain structures in subjects. Noninvasive tools for accurate brain segmentation are essential for a better understanding of brain structure and function, 18 not only in pain, but also for other diseases associated with sensory and motor dysfunction, such as RLS.
A lesion in the brainstem was reported to be related to the development of secondary RLS. 19 Neurophysiological and radiological studies have also demonstrated the involvement of brainstem pattern generators in the pathology of RLS. 20 In addition, we previously found significantly abnormal gray matter volume in the brainstem in patients with RLS. 21 However, these previous investigations examined the brainstem as a whole, although it is a complex brain structure consisting of long fiber bundles and scattered brain nuclei, each with distinct functions. Therefore, segmentation of brainstem structures may provide insight into their individual roles in RLS.
In this study, we performed segmentation of the brainstem into the midbrain, pons, medulla and superior cerebellar peduncle based on data from normal controls (NC). 22 These subregions of the brainstem were used to accurately evaluate the anatomical location of significant differences in gray matter density between RLS patients and NC subjects. Then, subregions showing significant changes in gray matter density were selected as seed regions for whole brain functional connectivity (FC) studies in both groups. Furthermore, we conducted correlation analysis between the mean gray matter density/FC and clinical symptom scores for each patient. Finally, multivariate pattern analysis, extracting abnormal features using linear support vector machine (SVM), was used to test whether these altered features involving the pathophysiologic process and can help distinguish RLS patients from NC subjects.
Materials and Methods Participants
A total of 20 drug-naive idiopathic RLS patients were recruited, based on the International Restless Legs Syndrome Study Group (IRLSSG) diagnostic criteria, 23 from January 2013 to May 2017. The subjects in this study were the same as in our previous report. 21 RLS patients were recruited from the Sleep center clinic of Xuanwu Hospital and all patients were evaluated by at least two neurologists who were expert in sleep disorders according to IRLSSG diagnostic criteria. None of the idiopathic RLS patients was considered to have any other specific background disease or condition that could be causing their RLS, including inquiry of medical history and family history, using neurological examinations and laboratory test to exclude secondary RLS. Both IRLSSG Rating Scale and Johns Hopkins Restless Legs Severity Scale were used to evaluate the severity of the disease. The Pittsburgh Sleep Quality Index (PSQI) was used to assess sleep quality. The Hamilton Anxiety Rating Scale (HAM-A) and Hamilton Depression Rating Scale (HAM-D) were used to exclude patients with serious anxiety (score >21) or depression (score >20). Patients with a history of alcohol or drug abuse, anemia, renal disease, diabetes, spinal cord or nerve root injury, or other neuropathies or sleep disorders were also excluded. Routine laboratory test results (including serum levels of hemoglobin, iron/ferritin, urea, creatinine, vitamin B12, folic acid, thyroid hormone, and HbA1c) and neurological examinations were normal. No patients had taken psychotropic medications. A total of 18 age-, gender-matched NC subjects were recruited through the community and health examination center. The NC subjects had no history of nervous system disease, mental illness, or RLS family history. All patients and NC subjects were righthanded. The Medical Ethics Committee at Xuan Wu Hospital of Capital Medical University approved our study. The study was conducted in accordance with the Declaration of Helsinki. The RLS patients and NC subjects signed informed consent. The demographic characteristics, clinical scales, and laboratory tests are shown in Table 1 , and a Flowchart regarding screening RLS patients and fMRI analysis process was attached in Supplementary Material.
MRI Acquisition
MRI data acquisition was performed on a Siemens Trio 3-Tesla scanner (Siemens, Erlangen, Germany). Foam padding and headphones were used to limit head motion and reduce scanner noise. Three-dimensional T1-weighted magnetization-prepared rapid gradient echo (MPRAGE) sagittal images were collected using the following parameters: 
Subregions of the Brainstem
We generated an automated segmentation of four different brainstem structures from the T1 images across the NC group using Freesurfer 6.0 (http://surfer.nmr.mgh.harvard. edu/fswiki/BrainstemSubstructures). The maximum probability map was used in further analyses. The researcher conducting data analysis was blinded for the condition of the collected data.
Gray Matter Density in Subregions of the Brainstem
To accurately assess the anatomical location of significant differences in gray matter density in the brainstem, data from our previous VBM study and the subregions of brainstem were integrated into the current analyses. We calculated the mean gray matter density of these brain regions in the RLS and NC groups. Finally, two-sample t-test was performed between the groups, with a significance level set at p < 0.05/3 = 0.0167 (Bonferroni correction).
Resting-State Functional MRI (rs-fMRI) Data Preprocessing
The preprocessing of the rs-fMRI data was conducted using DPABI toolbox. The first 10 volumes were discarded to allow for magnetization equilibrium. The slice timing for the remaining images was corrected and realigned to the first volume to account for head motion. Participants who showed a maximum displacement of more than 3 mm and an angular motion of more than 3°were excluded. MNI template was adopted to normalize images, and images were resampled to 3 × 3 × 3 mm 3 . We used a Gaussian kernel of 6 mm (full width at half maximum) to smooth the functional images, and filtered them with a temporal band-path of 0.01-0.1 Hz. Finally, we regressed out six motion parameters, white matter signals, cerebrospinal fluid signals, and global mean signal.
FC Analyses
To assess FC changes in RLS patients, the seed regions were resampled to 3-mm 3 voxels in standard MNI space. Then, correlation of mean time series between seeds and voxels was calculated using Pearson correlation analysis, and then z-values were adopted to improve normality by Fisher's z-transformation. Significantly altered FC between seeds and brain regions were tested by twosample t-tests at the group level. Gaussian random field (GRF) correction was used to determine significance at voxel level (p < 0.01) and cluster level (p < 0.05). To eliminate false positives, Bonferroni correction (p < 0.05/ 4 = 0.0125) was performed.
Correlation Analyses
To clarify whether the neuroimaging changes were related to symptoms of the disease, we performed correlation analyses between mean gray matter density/functional connectivity and the clinical score for each patient (RS_RLS, PSQI scores, and durations). These analyses were performed using SPSS 19.0 (SPSS Inc., IL., USA).
Multivariate Pattern Analysis by SVM
To clarify whether the identified abnormal features might have potential power for diagnosing RLS, we performed a linear SVM approach within LIBSVM in MATLAB. 24 Because only functional connectivity between pons_2 and the right supplementary motor area (SMA) was correlated with RS_RLS scores, the mean gray matter density of pons_2, and the functional connectivity between pons_2 and SMA were extracted as features for classification. A leave-one-out cross-validation strategy was used to estimate the generalization ability of our classifier because of the limited number of subjects in our study. The potency of a classifier was assessed using the classification accuracy, specificity, and precision based on the results of the cross-validation. Then, we mapped the receiver operating characteristic (ROC) curves and calculated the area under the curve (AUC).
Results

Subregions of the Brainstem
Using T1 images from the NC group, we identified the following four subregions of the brainstem: the midbrain, pons, medulla oblongata, and superior cerebellar peduncle ( Figure 1 ).
Changes in Gray Matter Density in the Subregions of the Brainstem
Using VBM analysis for the four subregions of the brainstem, we identified two clusters in the pons (pons_1 and pons_2) and one cluster in the midbrain that showed significantly increased gray matter density in the RLS patients compared with the NC subjects ( Figure 2 ).
Altered Functional Connectivity Patterns in the Subregions of the Brainstem
Significantly decreased functional connectivity was found between the midbrain and right middle occipital gyrus, between pons_1 and the right orbital part of the superior frontal gyrus, and between pons_2 and the right parahippocampus in the RLS patients compared with the NC subjects. Moreover, functional connectivity between pons_2 and the right SMA was significantly increased in the RLS group compared with the NC group ( Figure 3A and B ).
Correlation Analyses
Mean functional connectivity between pons_2 and SMA was marginally correlated with RS_RLS scores in patients with RLS ( Figure 4 ). 
Classification Results
Using features of gray matter density in pons_2, and functional connectivity between pons_2 and SMA, the linear SVM classifiers achieved an accuracy of 84.21%, a specificity of 90%, a precision of 87.5% ( Figure 5A) , and an AUC of 0.955 ( Figure 5B ).
Discussion
In this study, we found significant changes in subregional gray matter density in the brainstem, mainly in the pons and midbrain, in the RLS patients compared with NC subjects. Significantly decreased functional connectivity between the midbrain and right middle occipital gyrus, between pons_1 and the right orbital part of the superior frontal gyrus, and between pons_2 and the right parahippocampus were also found in the RLS group compared with the NC group. Moreover, the functional connectivity between pons_2 and the right SMA was significantly increased in RLS patients compared with NC subjects, and this change was marginally correlated with RS_RLS scores in the RLS patients. SVM-based classification achieved an AUC of 0.955 using gray matter density of pons_2, and functional connectivity between pons_2 and SMA as features.
The pathophysiology and pathoanatomy of RLS are still unclear. fMRI studies on RLS patients show activations in the red nuclei and brainstem close to the reticular formation during the symptomatic period, suggesting that subcortical structures are involved in the pathogenesis of RLS. 25 In addition, significantly reduced mean [ 11 C] raclopride binding potential in the mesolimbic dopaminergic region in RLS patients was reported using PET. 26 This binding was negatively correlated with clinical severity score and positively correlated with the degree of improvement after dopamine administration. 26 Furthermore, a SPECT study using the tracer [ 123 I] βCIT showed that serotonin transporter availability in the pons and medulla was similar in both the RLS and control groups, but was negatively correlated with disease severity in the former. 27 Furthermore, iron-sensitive MRI studies have also reported reduced iron content in the substantia nigra in RLS patients. 28 These studies suggest that RLS might be associated with abnormalities in the brainstem.
The human brainstem is a complex brain structure comprising the midbrain, pons and medulla oblongata. Using the whole brainstem region to assess its function may overlook subregional differences. Automated segmentation of the brainstem structures can potentially improve our understanding of the role that they play in different functions and how they are affected by the disease. In the present study, we used a supervised segmentation method based on a probabilistic atlas and Bayesian inference for the midbrain, pons, medulla and superior cerebellar peduncle 22 to accurately identify the anatomical Figure 4 Correlation between mean functional connectivity between pons_2 and SMA and RS_RLS in patients with RLS. Figure 5 Multivariate pattern analysis using support vector machine (SVM) was applied to provide provisional evidence to determine whether identified neural indices might serve to distinguish RLS patients from NC. (A) We used a leave-one-out cross-validation strategy to estimate the generalization ability of our classifier. Features of gray matter density in pons_2, and functional connectivity between pons_2 and SMA were used. The classification accuracy, specificity, and precision were showed. (B) The receiver operating characteristic (ROC) curve. AUC, area under the curve. locations of significant differences in gray matter density in the brainstem between RLS patients and controls.
Lee et al 29 investigated the lesion sites of infarctionrelated RLS, and found that 4 out of their 18 patients had ischemic lesions in the pontine. In the current study, we found changes in gray matter density in the dorsolateral pontine tegmentum (pons_2), which is situated next to the midbrain. The medial lemniscus and the lateral spinothalamic tract go through this region, conveying somatosensory information for the trunk and limbs, including deep sensation and pain-temperature sensation. Peripheral sensory thresholds of RLS patients have been reported to be normal. 30, 31 Thus, altered central processing rather than enhanced peripheral detection may underlie the sensation of limb discomfort in RLS. The increased gray matter density in pons_2 may be associated with sensory sensitivity. In Tourette's syndrome, deficiency of gating mechanisms for sensory inputs and a disorder of synaptic inhibition have been suggested to contribute to the urge for tics. 32, 33 Some studies suggest that abnormal sensorimotor integration might cause the urge phenomenon. 34, 35 Thus, the movement that follows and temporarily relieves an urge might be an involuntary response to an inner feeling. 36 An important clinical diagnostic feature of RLS is that the unpleasant sensations are partially or totally relieved by continuous movements such as walking and stretching, 2 suggesting that RLS is a sensorimotor disorder in which the sensation is relieved by movement, similar to tics. Reduced short-latency afferent inhibition, which is associated with sensorimotor integration, has been found in RLS patients by transcranial magnetic stimulation. 37 Interestingly, we found enhanced functional connectivities between pons_2 and the SMA, which was positively correlated with RLS severity scale scores. This suggests that the increased functional connectivity between pons_2 and SMA may contribute to the irresistible urge to move when unpleasant leg sensations occur. These neural structural and functional changes may be involved in the pathophysiology of RLS and may have the potential for distinguishing RLS from healthy subjects and patients with other disorders.
In this study, we also found increased gray matter volume in the ventral basal pontine (pons_1), through which the pyramidal tract traverses in its trajectory towards the lower limb. Therefore, dysfunction in this area may cause abnormal sensorimotor functioning of the lower limbs. A possible contributing factor is the loss of cortical or subcortical inhibition. 38 A suprasegmental release of inhibition from descending inhibitory pathways involving dopaminergic, gabaergic, adrenergic and opiate systems might therefore be involved in RLS pathogenesis. 39, 40 Regional brain iron concentration has been evaluated using different MRI sequences in RLS patients, revealing decreased iron content in the midbrain and a correlation with the severity of RLS. 28 Voxel-wise comparison of fractional anisotropy maps in the brainstem shows significant microstructural alterations in the bilateral midbrain. 14 Here, we also found abnormal microstructure of the midbrain in RLS patients by subregional VBM analysis. The clusters were located in the midbrain tegmentum, close to the area of the substantia nigra and red nucleus. The midbrain is very close to the hypothalamic A11 cell group, which is the main source of descending dopaminergic input to the spinal cord. The dopaminergic A11 neurons project to the midbrain/brainstem and further to the spinal cord, which is considered to be involved in the pathogenesis of RLS. 41 Although this theory was developed in animal models, it was not proved in humans. Earley et al did not find alterations in A11 area in the study of postmortem brains of humans. 42 The structural abnormalities identified here may reflect subtle primary changes in RLS patients, but may also arise from brain changes caused by chronic activation or deactivation of brain networks. So it is necessary to study the relationship between these structural and connected changes. The decreased functional connectivity was found between midbrain and right middle occipital gyrus, between pons_1 and right orbital part of superior frontal gyrus, and between pons_2 and right parahippocampus in the RLS compared to NC belonging to limbic networks. Dysregulation of limbic networks in RLS has been found by MRS, 43, 44 SPECT, 45 PET, 46, 47 and structural and functional MRI studies. Abnormal communication between the limbic and sensorimotor systems may underlie RLS signs and symptoms. Limbic dysfunction may also contribute to the greater tendency of RLS patients to develop depressive and anxiety disorders, 48-51 mild cognitive deficits, [51] [52] [53] [54] and sympathetic hyperactivity. 55 Disease-related spatial covariance patterns obtained by linear SVM classifiers have shown to be helpful for differential diagnosis. Demonstrating various morphological abnormalities and their association with clinical symptoms, SVM classification may be furthermore useful for identifying pathologic changes in RLS. 56 Using this technique, we found that gray matter density in pons_2, and functional connectivity between pons_2 and SMA together have the potential to discriminate RLS patients from healthy subjects with high power.
There are a number of limitations to this study. First, only 20 drug-naive patients were recruited to investigate brainstem changes in RLS. Our findings should therefore be validated using a larger number of patients. Second, it is unclear whether the changes in gray matter volume and functional connectivity are pathophysiologically causative or secondary compensatory changes. In the future, we can choose drug therapy or effective neuromodulation treatment to observe the correlation between the improvement of symptoms in restless leg symptoms and the abnormal structural/functional changes, which may help to solve this puzzle. Nonetheless, our study provides insight into the brainstem changes in RLS, and should help advance the diagnosis and treatment of this disorder.
Conclusion
We identified subtle morphological changes in the brainstem in RLS patients. VBM detection of structural changes and FC analysis combined with SVM classification may improve the clinical diagnosis and treatment of RLS. The manuscript management system is completely online and includes a very quick and fair peer-review system, which is all easy to use. Visit http://www.dovepress.com/testimonials.php to read real quotes from published authors. 
